The Thames Estuary, Greater London represents a particularly challenging application for broad-scale strategic analysis of flood risk. It needs a robust flood model and comprehensive risk analysis framework to support the design of London's long-term flood risk management strategy. Traditionally, flood inundation modelling and risk analysis have to be performed by dividing the entire region into smaller disconnected flood plains due to the restriction of model capability and limitation of computational power. This approach essentially neglects the interaction of flood waves between different sub-floodplains and overlooks the broad-scale effects on flood risk. This work aims to test the High-Performance Integrated hydrodynamic Modelling System (HiPIMS) developed at Newcastle University for high-resolution flood simulations over a very large domain, covering 1250km 2 of the flood-prone zones in the Thames Estuary, London, UK. This unified modelling strategy directly takes into account the broad-scale effects caused by localised interventions and disturbances, and hence support more comprehensive flood risk analysis and management. As part of the integrated simulation work, model calibration has been done to choose an appropriate value of Manning's roughness coefficient (n) through systematic numerical experiments at resolutions from 40m to 5m. Results are compared with the observed tidal water levels at eight gauging stations along the estuary. In the ongoing work, the calibrated model is being used to conduct further simulations to investigate the flood risk in the estuary as a result of climate change and sea level rise.
Introduction
Broad-scale strategic analysis of flood risk requires a rather different approach to hydraulic modelling compared to more conventional engineering design studies [1] . The broad-scale flood simulation system can generate reliable results which provided inputs to a flood risk analysis which estimated regional flood impacts for socioeconomic and flood risk management scenarios. The Thames Estuary runs through London and eastwards through North Kent and South Essex towards the North Sea. London and the Thames estuary benefit from a robust and well-organised system of tidal flood risk management but increasing pressures, including climate change and socio-economic development, mean that flood risk is increasing.
Major floods coming from the Thames and its tributaries have caused damages to households, businesses and tragically on some occasions, the loss of life. When a tidal surge was coming from the North Sea in 1953, it caused the Thames to flood and three hundred people died. The continued potential threat of flooding to London and the expected impact of climate change means that the London Assembly has an on-going interest in reviewing this hazard and the actions being taken to reduce and address flood risk [2] . A considerable part of London is built on the floodplain of the Thames and its tributaries and is prevented from flooding by a complex system of flood defences. There are flood defence measures in place against two major kinds of flooding; tidal flooding occurs when high tide and storm surges coincide and fluvial flooding when rivers overflow due to high or intense rainfall. This paper will provide the calibrated model to conduct further simulations in the ongoing work for the flood risk in the estuary as a result of climate change and sea level rise. This involved the development of river bathymetry in the Thames Estuary with integration over a wide range of available data's connecting combined mechanisms of the tidal effect and river flow.
High-Performance Integrated Modelling System (HiPIMS)
The advancement of computer models to simulate floods has had significant impact on the ability to plan, forecast and responded to flood events [3] . In the last few decades, one-dimensional (1D) models have been widely used as they are relatively simple to build and easy to operate [4] . Even though 1D models are commonly used, the approach of 1D models is not always appropriate, especially when they are applied to predict flood hydrodynamics in floodplains. Flood extent extraction through 1D models is not a seamless process and requires post processing and is subjective because water surface elevations are generated through interpolations [5] .
Two-dimensional (2D) flood models effectively eliminate these limitations, and various 2D numerical schemes have been developed in response [6] . Over the past years, full 2D hydraulic models have mainly been developed in relation to coastal and river engineering. Nowadays, modern supercomputers take advantage of highly parallel processor with Graphic Processing Units (GPUs) originally designed for manipulating graphics now can be harnessed in scientific computing through the Open Computing Language (OpenCL) industry standard [7] or other programming frameworks, e.g. NVIDIA's CUDA. With the use of parallel computing technologies with GPUs, new hydraulic models have been developed and used to accelerate large-scale flood simulations, e.g. the 2D diffusionwave JFLOW model [8] which runs 65 times faster compared to a traditional central processing unit (CPU) approach [9] .
The High-Performance Integrated Modelling System (HiPIMS) [10] has been developed at Newcastle University and will be used in this research to support efficient hydrodynamic flood simulations. It has been extensively tested and compared to other hydraulic/hydrodynamic models in benchmarking studies. The model has demonstrated its capability of simulating flow depths and velocities; furthermore it can represent different types of shallow flow hydrodynamics, ranging from slowly-varying flood inundation to violent dam-break waves or tsunami [11] . HiPIMS is implemented using the OpenCL programming framework to support simulations on GPUs and other modern highperformance computing hardware devices. With its unprecedented computational speed, HiPIMS provides an ideal tool to accelerate broad-scale, high-resolution flood simulations for different applications.
Study site and data available

Thames Estuary; context and previous research
The Thames Estuary (Figure 1 ) is a large tidal-dominated estuary located in the south-east of England and is an area of international importance. The 72km long Thames Estuary is a part of the mouth area of Thames river, which also includes the tidal reach of the river 30 km long, bounded upstream by a dam near the town of Teddington, and a near-shore zone of the river mouth 60 km wide [12] . The long-term mean values of water discharge and runoff at the Teddington are 78.5 m 3 /s and 2.48 km 3 / year [13] . During flood seasons, the water discharge can reach 600-700 m 3 /s. Storm surges often occur in the coastal zone of the North Sea and the Thames Estuary. a b In 1928, 14 people were drowned in London during a higher tide than had ever occurred before. In 1953, during the east-coast storm-tide disaster, 300 people lost their lives as a result of the unprecedented conditions [14] . Previous research that has modelled the tidal hydraulics in the Thames Estuary includes using the Delft Flooding System (Delft-FLS) to simulate overland flow [15] . The UK Environment Agency uses a method that involves consideration of flooding scenarios of multiple defence segment failures and flood events ranging in severity where these areas are assumed to be hydraulically independent of one another, with boundaries, typically formed from topographical features, high ground or river channels [16] . Others used the 1953 inundation by carrying out twodimensional software package TuFlow using a (20m×20m) regular grid only for the area on Canvey Island and Thamesmead [17] which does not represent the broad-scale effect in the Thames Estuary. While most of the model are successfully applied, they were only deployed on a lower resolution grid cells over short period time scales on a limited section of the estuary. It also neglects the interaction of flood waves between different sub-floodplains and overlooks the broad-scale effects on flood risk.
Tidal stage and fluvial inputs
The tidal influence of the Thames Estuary extends 72km inland from Sheerness to Richmond. The tidal stage points for the Thames Estuary used within the model domain have been obtained from the respective agencies from a set of 9 stage recorders distributed from the mouth to the tidal reach along the estuary sampled at 15 minutes intervals; Sheerness, Southend, Erith, Tilbury, Tower Pier, Silvertown, Westminster, Chelsea and Richmond.
The impact of river flow on overall water level is relatively small, although not necessarily negligible. Conversely, moving upstream from Tilbury, river flow becomes more important, and sea level and waves less important in determining river water level. High fluvial flows from the main tributaries can have a significant rise in the upper reach of the tidal Thames, therefore it is important to take into consideration for the context of this research. Average daily discharges from the tributaries will be used for this model as there are no hourly time series available for fluvial inputs in the model (Lee, Roding, Ingerbourne, Beverley, Wandle, Ravensbourne and Cray).
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Bathymetry calibration and model configuration
The bathymetry contours of Thames Estuary were obtained from the UK Hydrographic Office (UKHO). It gave permission to perform digitising of the Admiralty Charts to extract the bathymetry data. It is noted, however, in respect of their age and their intended purpose for use in navigation, bed levels presented on these charts are anticipated to be relatively less compared to extensively surveyed data. Merging the Digital Elevation Model (DEM) or Digital Terrain Models (DTM) together with bathymetric measurements on an Admiralty Chart are usually collected as positive elevations above the chart datum [18] . By using simple reasonable coverage of the UKHO Admiralty Charts and the chart datum along with ArcGIS extensions Spatial Analyst, the mean high water boundaries and bathymetric contour lines can be captured to produce Thames River bathymetry which previously unavailable in a broad-scale level. This process is somewhat arbitrary, as the difference between chart datum and AOD is not consistent along the estuary's length, an interpolated grid of values was used to apply the correction, and will introduce some error into the topo-bathy surface, but for this, proof of concept was deemed acceptable and will be then calibrated and validated.
The final component of the bathymetry and the DTM was incorporated after the interpolation. This newly created bathymetry data will be an integral piece of a comprehensive river GIS for the 2D hydrodynamic model. The first stage is to demonstrate the overall stability of the Thames bathymetry model (75.5×16.5km) (Figure 2) . The model was driven using tidal stage heights from the Sheerness (east of the estuary) and applying them to the grid cells to the furthest tidal reach point at Richmond (west of the estuary). It is noted that the first stage of the Thames Bathymetry calibration will only predict water depths from the tidal and flow events going into the Thames channel based on observed tidal stations along the Thames Estuary. The model calibrations are pre-conducted to find the most suitable values of channel Manning's roughness (n) for future project input references. Manning's (n) values between 0.015 to 0.035 were selected and used in the model. Eight observed tidal stations in the main river channel were used for comparing the performance of the model to compute water depths. The criteria to choose the optimal Manning's (n) is looking at the least differences between simulation and observation tidal station points.
In the present study, the data were taken for the period from 1 April 2014 to 9 September 2014 and selected equally into three sets (Table 1) ; the first set is for the calibration and the rest are to validate its predictive capabilities; i.e., estimation of (n) and resolutions. The initial boundary condition for the model consists of the observed tidal height at Sheerness station, observed flow discharged at Richmond/Kingston which was measured at 15 minutes intervals and average daily flow discharge at the Thames tributaries ( Figure 1b) were used as the tributaries boundary condition. All the dates were chosen as to test the bathymetry model based on reliant data availability in Sheerness and other respective stations with no occurrence of high river flow from the tributaries due to rainfall and extreme storm surge.
Three different progression simulations with tidal inputs were run at for 48 hours at 15-minute intervals. The model also requires an imposed free surface level to allow water into the channel as part of the initial the boundary conditions and is based on the initial tidal water level inputs. It is computed using HiPIMS double-precision accuracy model simulation on a regular uniform grid of resolution 5, 10, 20 and 40m with a domain measuring 16520×4200m, 7577×1649m, 3789×825m and 1894×412m resulting in 69.4, 12.5, 3.1 million and 780 hundred thousand cells in total respectively. Only one 5m resolution was used for the calibration to look at the sensitivity of the model from lower to higher resolutions.
Results and discussions
The model was calibrated and validated by comparing the observed surface water elevation with measured velocities not being available at the time of this study. Comparisons of the calibrated observed surface water elevations and the simulated are shown in Figure 3 . There was a phase lag at the peaks of the water surface elevations which can be attributed to the unavailability of velocity data available at the station points to calibrate the model. The Thames Estuary model was very long (over 75km long) and, therefore, the effects of having little calibration data were significant. The main aim of using the Thames model was to test the channel bathymetry for future simulation of flood events and therefore, the phase lag in the results did not affect the main line of investigation in this research study.
The 5, 10, 20 and 40m grids were first tested and it was found that 5m and 10m grid resolutions were able to replicate the observed tide water level at each tide station within the accuracy of the boundary condition. The low resolutions of 20 and 40m grid showed the greatest errors at the higher end of the estuary (i.e., Chelsea and Richmond) with the width of the channel decreases as it moves along the tidal reach (Figure 3a) . The 5m grid produced results similar to the 10m grid which indicated that a cell size of 10m would be adequate for flood inundation modelling; also due to the much higher computational cost associated with the simulation at 5m resolution, 10m grid proved to be the best choice out of the various single grid configurations. However, significant differences were also found as the channel Manning's increases from 0.015 to 0.035 (Figure 3b ) giving (n = 0.015) as the optimal value for the model. Model verification, which is an essential test for any simulation model, is achieved by applying it to the second and third set of data at 10m resolution from the period (8 -10 August 2014 and 7 -9 September 2014) using the parameter (n = 0.015) derived from the calibration runs. Results of the validation process show that the (n) value of (0.015) at 10m resolutions reasonably produces results closer to the observed ones as shown in Figure 4a and 4b and this indicates that the model is acceptable.
Further exploration of statistical sensitivity to Manning coefficients yields interesting results. To conduct the calibration and model validation, some quantitative information is required to measure model performance through a comparison of observed and the model results using in the form of root mean squared error (RMSE) and NashSutcliff (NSE). For RMSE and NSE values of (n = 0.025 and 0.035) at lower resolutions at 20m and 40m, results are acceptable at tidal stations Southend, Tilbury, Erith and Silvertown but produce unsatisfactory model calibration at Tower Pier, Westminster, Chelsea and Richmond. This is expected as the Admiralty Chart contours were increasingly getting poor quality with the estuary narrowing as it moves upper stream from Sheerness to Richmond, thus poorly giving unreliable results after Tower Pier at lower resolutions. By re-sampling to coarser grid elements, averaging across increasingly larger domains is realised and has led to an increased loss of detailed bathymetry that affects flood simulation. The sensitivity analysis to DTM resolution revealed that topographic representation is critical and that model output is significantly affected by the resolution of the DTM used. When high-resolution data are used, then the determination of Manning's (n) will be the limiting factor for correct inundation results.
Conclusions
In this work, the Thames Estuary model is well presented for flood simulations. The predictive capability of the model has been intensively validated and is too further demonstrated by application to broad-scale events with complex channel bathymetry prediction. This study has been clearly demonstrated in the results to simulate the tidal heights extents. In the calibration of the HiPIMS model to river channel of the Thames Estuary, the hydraulics were tested for the first time in a tidal-dominated flow. The tidal heights were shown to have an acceptable RMSE for 5 and 10m resolutions of Manning's (n = 0.015), although 10m is preferably with less computational demands. The model also showed a decrease in performance as the distance from the mouth at Sheerness to the tidal reach at Richmond. The model is a promising tool to monitor the future inundation area hydrodynamics of Greater London, which may provide a nice instrument for a wide range of broad-scale flood applications in modelling storm surge events, coastal flood inundation that benefits to water resource policies and management.
